Boron is a micronutrient that is required for the normal growth and development of vascular plants, but its precise functions remain a subject of debate. One established role for boron is in the cell wall where it forms a diester cross-link between two monomers of the low-abundance pectic polysaccharide rhamnogalacturonan-II (RG-II). The inability of RG-II to properly assemble into a dimer results in the formation of cell walls with abnormal biochemical and biomechanical properties and has a severe impact on plant productivity. Here we describe the effects on RG-II structure and cross-linking and on the growth of plants in which the expression of a GDP-sugar transporter (GONST3/GGLT1) has been reduced. In the GGLT1-silenced plants the amount of L-galactose in side-chain A of RG-II is reduced by up to 50%. This leads to a reduction in the extent of RG-II cross-linking in the cell walls as well as a reduction in the stability of the dimer in the presence of calcium chelators. The silenced plants have a dwarf phenotype, which is rescued by growth in the presence of increased amounts of boric acid. Similar to the mur1 mutant, which also disrupts RG-II crosslinking, GGLT1-silenced plants display a loss of cell wall integrity under salt stress. We conclude that GGLT1 is probably the primary Golgi GDP-L-galactose transporter, and provides GDP-L-galactose for RG-II biosynthesis. We propose that the L-galactose residue is critical for RG-II dimerization and for the stability of the borate cross-link.
INTRODUCTION
In flowering plants, a primary role for boron is to form a diester cross-link between two monomers of rhamnogalacturonan-II (RG-II), a pectic polysaccharide present in the cell walls of all vascular plants . Rhamnogalacturonan-II is a structurally complex domain of pectin (Figure 1 ; Atmodjo et al., 2013) , which comprises 12 different monosaccharides that are linked together by at least 20 different glycosidic linkages .
Nevertheless, its structure is largely conserved in vascular plants (Matsunaga et al., 2004; Pabst et al., 2013) . The majority of RG-II exists in the wall as a dimer that is generated by forming a borate diester between the D-apiose of side chain A of two RG-II molecules. The inability of RG-II to properly assemble into a dimer results in the formation of cell walls with abnormal biochemical and biomechanical properties and has a severe impact on plant productivity. Nevertheless, the mechanisms that drive the interactions between borate and RG-II are poorly understood (Chormova et al., 2014; Funakawa and Miwa, 2015) .
There is increasing evidence that alteration of RG-II structure and cross-linking have severe impacts on plant growth, development and viability. To date, the only characterized RG-II biosynthetic enzymes are the rhamnogalacturonan xylosyl transferases (RGXT1-4, CAZy family GT77) (Lombard et al., 2014) , which catalyze the transfer of xylose from UDP-xylose to fucose to form ɑ-xylose-(1,3)-fucose in vitro (Egelund et al., 2008; Petersen et al., 2009) . Inactivation of RGXT1 and -2 has no discernible effect on plant growth or RG-II structure (Egelund et al., 2006) , implying redundancy of function, whereas mutations affecting RGXT4 lead to defects of root and pollen tube growth that are lethal (Fangel et al., 2011; Liu et al., 2011) . Mutations that prevent the synthesis of UDP-Api and CMP-Kdo are also lethal and provide further evidence for the essential role of RG-II in plant growth (Delmas et al., 2003 (Delmas et al., , 2008 Mølhøj et al., 2003; Ahn et al., 2006) . In the dwarf Arabidopsis mutant murus 1 (mur1) L-galactose replaces L-fucose in several cell wall polysaccharides, including RG-II, because the plant is unable to produce GDP-fucose in its shoots as it lacks GDP-D-mannose-4,6-dehydratase GMD1 (Bonin et al., 1997) . This has been shown to result in the incomplete formation of the A side-chain of RG-II, which in turn reduces the stability of the borate cross-linked dimer (Bonin et al., 1997; O'Neill et al., 2001) . Thus, the structural integrity of RG-II is probably important for its biological functions.
Pectic and hemicellulosic polysaccharides are synthesized in the Golgi apparatus using activated donor substrates, typically in the form of nucleotide diphosphate-linked (NDP-) sugars (Davis et al., 2010) . However, most NDPsugars are synthesized in the cytosol (Bar-Peled and O'Neill, 2011) . Thus, NDP-sugar transporters (NSTs) are required to provide substrates for glycan synthesis (Rautengarten et al., 2016) . The Golgi-localized NST (GONST) sub-family, which forms part of clade IIIa of the NST/triose phosphate transporter superfamily (Rautengarten et al., 2014) , comprises four members related to GONST1 (At2g13650), the first nucleotide sugar transporter described in Arabidopsis (Baldwin et al., 2001; Handford et al., 2004) . The members of this family are the only Arabidopsis NSTs that contain a predicted GDP-binding motif (Handford et al., 2004) . Arabidopsis is known to synthesize four GDP-linked sugars: GDP-L-fucose, GDP-L-galactose, GDP-D-glucose and GDP-D-mannose. GDP-mannose for the glycosylation of glycosylinositolphosphorylceramides (GIPCs) is transported into the Golgi by GONST1 (Mortimer Ndeh et al., 2017) . Sugars are represented using the Symbol Nomenclature for Glycans (SNFG; Varki et al., 2015) , with minor modifications to enable colorblind readers to distinguish L-fucose and L-rhamnose, and with a white hexagon to represent aceric acid since it does not currently have a SNFG designation (D-KDO, 3-deoxy-D-manno-octulosonic acid; D-DHA, 2-keto-3-deoxy-D-lyxo-heptulosaric acid). The L-galactose residue, which is reduced in the hairpin GGLT1 lines described in this publication, is marked with an arrow.
© 2018 The Authors. Fang et al., 2016) , whereas GDP-fucose is transported by GONST4, which has been renamed GDPfucose transporter1 (GFT1) (Rautengarten et al., 2016) . No Golgi-localized GDP-L-galactose transporters have been identified to date. GDP-L-galactose is synthesized from GDP-mannose in the cytosol by GDP-mannose epimerase (GME) (Gilbert et al., 2009; Mounet-Gilbert et al., 2016) . Most GDP-L-galactose is then converted, via L-galactose, into L-ascorbate (vitamin C), which is important for maintaining redox balance in the cell, particularly under abiotic or biotic stress (Smirnoff, 2000) . However, some GDP-Lgalactose is required for cell wall polysaccharide synthesis since L-galactose is present in side chain A of RG-II, in the side-chains of xyloglucan from a limited number of plant species (although not Arabidopsis) (Hantus et al., 1997) and in corn bran glucuronoarabinoxylan (Rogowski et al., 2015) .
Here we provide evidence that GONST3 (At1g76340) probably encodes a Golgi-localized GDP-L-galactose transporter, which we rename Golgi GDP-L-galactose transporter1 (GGLT1). We used RNA interference (RNAi) to suppress GGLT1 expression in Arabidopsis, since complete loss of GGLT1 is lethal. Plants with decreased GGLT1 expression have growth defects, which are rescued by increasing the amount of borate in their growth medium. Chemical analysis of the cell walls of GGLT1 knock-down plants revealed a substantial reduction in the L-galactose decoration of RG-II, which is correlated with a decrease in the proportion of RG-II dimer in the wall and a decrease in the stability of the crosslink. Our results underscore the importance of RG-II to plant survival, and highlight an unexpectedly critical role for L-galactose in borate crosslinking of this unusual pectic polysaccharide.
RESULTS

Subcellular localization of GGLT1
Publicly available gene expression data reveal that GGLT1 is a ubiquitously expressed gene, with a level of expression that is slightly lower than GONST1 and GFT1 (Handford et al., 2004; Rautengarten et al., 2016) . In an earlier study, the subcellular localization of GGLT1 was not determined because tagged GGLT1 could not be expressed in vivo (Handford et al., 2004) . To overcome this issue, the full-length GGLT1 coding sequence tagged with a fluorescent protein was introduced into onion epidermal cells by biolistic transformation. Confocal imaging revealed that the fluorescently tagged GGLT1 gave a punctate signal that co-localized with a Golgi marker (Lao et al., 2014) (Figure S1 in the online Supporting Information).
GGLT1 is essential for plant growth and development
No Arabidopsis lines carrying a T-DNA insertion in the GGLT1 open reading frame have been reported. A single T-DNA line (SAIL_71_H10), with an insertion 841 bp upstream of the start of transcription was obtained, but we were unable to identify any plants homozygous for the T-DNA insertion despite screening at least 30 different seedlings. Therefore, we took a targeted gene-knockdown approach and generated RNAi transgenic lines with a hairpin (hp) RNA construct, which specifically targeted GGLT1. Forty independent hpGGLT1 transformants were screened, and four were selected for characterization (Figure 2 ). These lines all had rosettes which were smaller than the empty vector (EV) control (Figure 2a) .
Quantitative real-time PCR (qPCR) showed that in the rosette leaves of the hpRNAi lines 1-3 ( Figure 2b ) the levels of GGLT1 silencing were similar (about an 80-85% decrease relative to the EV control). These data, together with the lack of T-DNA lines, suggest that stronger suppression of GGLT1 or null mutants will produce plants that are not viable. The expression of GFT1, the closest homolog of GGLT1, was not affected in lines 3 and 4 but was decreased by up to 50% in lines 1 and 2 ( Figure 2c ).
The monosaccharide compositions of the walls, including fucose, were not significantly altered in any of the hpRNAi lines (Figure 2d , Data S1), indicating that their phenotypes do not result from altered fucosylation of cell wall glycans and are thus a consequence of GGLT1 silencing. Moreover, the shortened petiole phenotype that is characteristic of silenced GFT1 plants as well as mur1 plants, which also have cell walls with reduced fucose (Reiter et al., 1993; Rautengarten et al., 2016) , was not observed in our hpGGLT1 knock-down lines (Figure 2a ).
Xyloglucan structure is not altered and GIPC glycosylation is unaffected in hpGGLT1 plants L-Galactose replaces L-fucose in the xyloglucan formed by mur1 and GFT1-silenced plants where GDP-fucose synthesis or transport is perturbed (O'Neill et al., 2001; Rautengarten et al., 2016) . Since GGLT1 and GFT1 are closely related NSTs, we first determined if xyloglucan fucosylation is altered in hpGGLT1 (Lerouxel et al., 2002) . No differences were discernible in the matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) mass spectra of the oligosaccharides generated by enzymatic fragmentation of the xyloglucan from hpGGLT1 and EV control lines ( Figure S2 ). The presence of fucosylated side chains, together with no substantial increase in the abundance of galactosylated side-chains in the hpGGLT1 lines, supports our assertion that GDP-fucose transport is unaffected in the silenced plants.
GGLT1 is in the same NST subclade as GONST1, which provides GDP-mannose specifically for GIPC glycosylation, as opposed to polysaccharide biosynthesis (Mortimer et al., 2013) . Although glycosylation of GIPCs is still poorly understood, it is possible that other GDP-sugars, in addition to GDP-mannose are required. Therefore, we used thin layer chromatography (TLC; Figure S3 ) and LC-MS (Data S2) to determine the GIPC glycan composition of hpGGLT1. No major differences were discernible between hpGGLT1 and EV GIPCs. The overall sphingolipidomic composition was also unchanged (Data S2). Together, the combined results of these studies show that GGLT1 does not encode a Golgi-localized protein involved in the transport of GDP-L-fucose or GDP-D-mannose. Thus, we next investigated if the L-galactose content of the wall was altered in the GGLT1 suppressed lines.
Hairpin GGLT1 shows a specific decrease in RG-II L-galactose No significant differences were detected in the wall monosaccharide compositions of leaves from soil-grown EV and hpGGLT1 lines (Figure 2d , Data S1). This is not surprising since in primary cell walls D-galactose is far more abundant than L-galactose (Baydoun and Fry, 1988) . Moreover, D-galactose and L-galactose are not separated when the monosaccharide composition of the cell wall is determined by high-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD).
Rhamnogalacturonan-II is the only known L-galactosecontaining polysaccharide present in wild-type Arabidopsis cell walls, so we next determined whether the structure of RG-II differed in hpGGLT1 and EV plants. Material enriched in pectic polysaccharides, including RG-II, was obtained by extracting hpGGLT1 and EV leaf alcohol-insoluble residue (AIR) with ammonium oxalate, a calcium chelator. This material was then treated with endopolygalacturonase (EPG) and the products separated by size-exclusion chromatography (SEC) (Figure 3a ). This separates RG-II from RG-I and oligogalacturonides, and also separates the RG-II monomer and dimer. In EV control plants the dimer accounts for 77% of the total RG-II isolated from the wall. Somewhat unexpectedly, the dimer accounts for only 49% of the hpGGLT1 RG-II, and makes up only 6% of the RG-II in mur1-1 (Figure 3a , Table S1 ). This led us to suspect that the ability of hpGGLT1 RG-II to form dimers or the stability of those dimers had been altered. The latter notion is supported by our SEC data for the RG-II released by EPG treatment of the AIR (Table S2) . Under these conditions, in the absence of a chelating agent, the dimer accounted for 97% of the RG-II in the EV control plants (1.2-fold more dimer than in the oxalate fraction), 87% of the RG-II in the hpGGLT1 lines (1.8-fold more dimer than in the oxalate fraction) and 70% of the mur1-1 (12-fold more dimer than in the oxalate fraction). These results, together with data showing that calcium chelators partially convert the RG-II dimer to the monomer (Matoh and Kobayashi, 1998; Fleischer et al., 1999) , strongly suggest that both the extent of formation and the stability of the borate cross-link in RG-II are affected in the hpGGLT1 lines.
The differences in dimer abundance in the EPG and oxalate fractions were most pronounced with mur1-1 plants. This mutant produces RG-II that lacks L-galactose because its A side-chain is truncated (Pabst et al., 2013) , which led us to suspect that the L-galactose content of side-chain A of the RG-II from the hpGGLT1 lines may also be reduced.
To determine if RG-II structure is indeed altered in the hpGGLT1 lines we isolated the total RG-II from the silenced and EV plants. Glycosyl residue composition analyses showed that D/L-galactose was reduced by about 35% in the most strongly affected hpGGLT1 lines (Table 1) . We then treated the RG-II with warm trifluoroacetic acid (TFA) (Pabst et al., 2013) to release side chains A and B. The MALDI-TOF MS analysis showed that a substantial portion of side-chain A from hpGGLT1 RG-II existed as a heptasaccharide whereas virtually all the A chain from the EV control was present as an octasaccharide (Figure 3b ). The A side-chains produced by hpGGLT1 and EV plants differ in mass by 162 Da, corresponding to a hexose residue, which we consider likely to be L-galactose. The side-chain B of RG-II contains a D-galactose residue (see Figure 1 ). However, no differences were discernible in the structures of this side-chain from RG-II of hpGGLT1 and EV plants (Figure S4) . Our structural data provide compelling evidence that the abundance of terminal L-galactose present on the A side-chain of RG-II is specifically affected in hpGGLT1 plants.
To confirm the identity of the missing hexose in sidechain A, the RG-II monomers generated from the hpGGLT1 and EV plants were treated with a recently identified a-Lgalactosidase (CAZY family glycosyl hydrolase (GH) 95) from Bacteroides thetaiotaomicron that specifically removes the terminal L-galactose from side-chain A of RG-II (Ndeh et al., 2017) . Galactose was the only monosaccharide detected by HPAEC-PAD following hydrolysis of EV control RG-II with the a-L-galactosidase ( Figure 4a It has been proposed that pectin domains may be linked covalently to each other or to other cell wall components (e.g. Popper and Fry, 2008; Atmodjo et al., 2013; Tan et al., 2013) . To investigate whether the altered RG-II structure in the hpGGLT1 silenced lines had affected other pectic domains, the oxalate cell wall fraction was used to perform immune dotblots with a panel of antibodies raided against different pectin epitopes ( Figure S5 ). However, no difference was observed between the EV control and the silenced lines. In combination with the monosaccharide composition data ( Figure 2D , Data S1) and the xyloglucan data ( Figure S2 ) we conclude that the reduction in GGLT1 expression does not affect non-RG-II polymers.
These data provide strong evidence that silencing of GGLT1 leads to a reduction in the abundance of L-galactose on side-chain A of RG-II, and provides additional evidence that the absence of this sugar leads to a decrease in the ability of the RG-II monomer to self-assemble into a borate cross-linked dimer. Moreover, this L-galactosedepleted dimer is less stable in the presence of calcium chelators than its wild-type counterpart, a result consistent with the notion that interactions of borate and calcium with RG-II are important for plant growth (Matoh and Kobayashi, 1998; Feng et al., 2018) .
Complementation of hpGGLT1 growth phenotypes with borate supplementation
Several growth phenotypes, including the dwarf phenotype of mur1, that have been attributed to defects in RG-II structure and cross-linking have been reported to be rescued by supplementing the growth medium with additional borate (O'Neill et al., 2001) . To further explore the observed growth phenotypes of the hpGGLT1 lines (Figure 2 ), plants were grown hydroponically to control the availability of all macro-and micro-nutrients, including borate. In low-borate media the hpGGLT1 lines are severely stressed, and their rosette diameter is about 70%
smaller than that of EV control plants (Figure 5a,b) . However, this phenotype is not observed when the silenced plants are grown in high-borate media (Figure 5a ,c). The amount of borate in the growth medium did not affect GGLT1 expression, thereby excluding a potential effect of borate deficiency or supplementation on transgene expression and silencing strength ( Figure S6 ). Therefore, we conclude that partial loss of the RG-II L-galactose decoration in hpGGLT1 reduces the rate of RG-II borate-dependent dimerization, directly affecting plant development.
Hairpin GGLT1 plants grown in low-borate conditions have altered cell wall composition and are more easily saccharified
Since hpGGLT1 plants grown in the presence of 1 mM boric acid or no added boric acid had different phenotypes, we were curious to know if altering the structure and dimerization of RG-II in hpGGLT1 led to changes in other cell wall components. Therefore we determined the monosaccharide composition of destarched leaf AIR from plants grown under different borate concentrations (Figure S7) . No significant visible differences were discernible in hpGGLT1 and EV plants grown with 1 mM borate (Figure S7D , Data S1). However, we saw increases in the abundance of several neutral monosaccharides, in particular glucose ( Figure S7A , Data S1), in the walls of plants grown with no added borate. No differences in aniline blue staining of the walls of EV and hpGGLT1 lines were observed, suggesting that the increase in non-cellulosic glucose in plants which appear severely stressed (Figure 6a) is not due to callose deposition ( Figure S8 ). Finally, we performed Saeman hydrolysis of the TFA-resistant AIR to determine the amount of glucose derived from crystalline cellulose. A substantial increase in cellulose-derived glucose was detected in the hpGGLT1 lines grown with no added borate ( Figure S4B ) but not in plants grown under high-borate conditions ( Figure S4E ). To further investigate the altered cell wall in the hpGGLT1 plants grown with no added borate, we performed a saccharification assay on the destarched AIR to measure the quantity of enzymatically accessible sugars in this material. Following pre-treatment with hot water, the samples were treated with a commercial saccharification cocktail of GHs, and the amount of reducing sugar released after 72 h was measured. As expected, given the increase in cell wall glucose ( Figure S4A,B) , low-borate-grown hpGGLT1 plants had a significant increase in the amount of sugar released compared with EV ( Figure S4C ), a difference that was not seen in high-borate growth conditions ( Figure S4F ).
Hairpin GGLT1 has impaired cell wall integrity sensing in response to salinity stress Wall structure is also important for growth under environmental stress (Feng et al., 2018) Salinity stress weakens the wall, probably by disrupting pectin cross-linking (Byrt et al., 2018) . The FERONIA receptor directly binds pectin, and prevents uncontrolled cell expansion caused by salt stress (Feng et al., 2018) . Similar to the fer mutant, the root cells of mur1 burst during growth in the presence of salt, suggesting a role for RG-II cross-linking in allowing roots to recover growth.
Since hpGGLT1 plants have disrupted RG-II, we predicted that if the FERRONIA model is correct the roots should show a similar loss of wall integrity as mur1 when grown in the presence of salt. Indeed, compared with the wild type, root cells of hpGGLT1 plants burst after salt treatment during the growth recovery phase (Figure 6 , Movie S1).
The L-ascorbic acid content is increased in leaves of hpGGLT1 plants
The GDP-L-galactose formed in the cytosol can be converted to L-galactono-1,4-lactone for the synthesis of ascorbic acid (vitamin C) (Dowdle et al., 2007) . Thus, a reduction in the activity of a Golgi-localized GDP-L-galactose transporter may lead to increased amounts of cytosolic GDP-Lgalactose, thereby increasing the availability of substrate for ascorbic acid formation. Indeed, we found that the hpGGLT1 lines contain between 59% and 64% more ascorbate than the EV plants ( Figure 7 ).
DISCUSSION
Nucleotide sugar transporters regulate the flow of donor substrates into the Golgi for use by GTs. However, it is challenging to predict the NDP-sugar transported by these enzymes from amino acid sequences alone. Here, we have provided evidence that GGLT is a GDP-L-galactose transporter, and show that it is required for the production of structurally normal RG-II. Reducing GGLT1 expression led to a decrease in the L-galactose content of RG-II and a reduction in RG-II dimerization and dimer stability. Growth of the silenced plants is rescued by adding additional borate to the growth medium. Thus, suppressing GGLT provides a unique opportunity to investigate the effects of structural changes of RG-II on boron requirements for plant growth.
GGLT1 is probably a GDP-L-galactose transporter
Despite multiple reported failures to heterologously express the GGLT1 protein (e.g. Handford et al., 2004) , we were able to transiently express GGLT1 as a YFP fusion in onion epidermal cells and confirm its predicted localization to the Golgi apparatus. Unfortunately, as others have also reported, we were unable to express GGLT1 in yeast to perform biochemical analysis of in vitro activity. Therefore, we took an in planta approach to determine the function of GGLT1. GDP-L-galactose lacked a reported NST, and in wild-type Arabidopsis L-galactose is present only in the pectic polysaccharide RG-II. Analysis of RG-II from hpGGLT1 plants showed that there was a reduction in RG-II dimer formation, which was correlated with a specific loss of the terminal L-galactose present on side-chain A. We did not detect changes to other biopolymers known to use GDP-mannose, GDP-glucose or GDP-fucose.
Dimerization of RG-II is critical for plant development
We propose that GGLT1, and the L-galactose decoration on RG-II, is essential for plant development and reproduction. This is consistent with previous studies showing that L-galactose is present on side-chain A of all RG-IIs analyzed to date (Voxeur et al., 2011; Pabst et al., 2013; Avci et al., 2018; Wu et al., 2018) , with studies suggesting that RG-II is critical for pollen development, pollen germination and seed development, and that plants with abnormal RG-II exhibit major growth defects (Egelund et al., 2006 (Egelund et al., , 2008 Gilbert et al., 2009; Petersen et al., 2009; Fangel et al., 2011; Liu et al., 2011; Voxeur et al., 2011) . When the plants were grown in the presence of boric acid, their reduced growth phenotype was partially rescued. This was also reported for GME-silenced tomato plants (Gilbert et al., 2009; Voxeur et al., 2011) . While a reduction in GME expression affects the biosynthesis of all GDP-linked sugars, as well as ascorbate, the authors suggested that it was the loss of RG-II dimerization that was critical (Voxeur et al., 2011) , and our study supports this conclusion.
It should be noted that the rosette morphology of hpGGLT1 plants is different from that described for mur1 or hpGFT1, which has been suggested to arise from the replacement of RG-II L-fucose with L-galactose, leading to the incomplete formation of side-chain A (Pabst et al., 2013) . Since plants lacking fucose on xyloglucan or arabinogalactan proteins grow normally, the phenotype had been ascribed to reduced RG-II dimerization because of the altered RG-II structure in mur1 and hpGFT1. Our results suggest that either the phenotype is dependent on the exact nature of the RG-II side-chain modification, or that the 'cabbage-like' growth habit of mur1 and hpGFT1 results from the loss of fucosylation of another molecule. For example, it has been proposed that fucose is necessary for epidermal growth factor (EGF) domain activation of receptor-like kinases (Wang et al., 2001) , and for promoting the interaction of DELLA with the brassinosteroid pathway (Zentella et al., 2017) .
Boron deficiency probably induces stress responses that are impacted when L-galactose transport is disrupted
Boron is an essential micronutrient that is required for normal plant growth and development, and its availability is important for maintaining plant productivity. Too little results in poor plant growth, but too much is toxic. To date, the major described role for boron is to cross-link RG-II (Kobayashi et al., 1996; O'Neill et al., 2004) . This has been shown to affect the tensile strength (Ryden et al., 2003) and porosity (Fleischer et al., 1999) of cell walls. In some species, borate deficiency results in cell wall thickening (reviewed in Wang et al., 2015) . In our hands, boron-deficient plants did show an increase in cellulose-derived glucose, as well as some hemicellulose derived sugars, including mannose. A cell wall integrity-sensing pathway responsive to salinity stress, and acting via the receptor kinase FER, has recently been described and is thought to act via interaction with pectin (Feng et al., 2018) . Here we show that hpGGLT1 plants display a similar salt-specific loss of cell wall integrity as fer and mur1. These data suggest that RG-II cross-linking is directly disrupted by salinity, or part of a compensatory feedback loop that is necessary to recover wall strength during acclimation. Such a feedback loop has also been reported in other primary cell wall mutants (Voxeur and H€ ofte, 2016) . Transcriptomic data from plants grown under boron deficiency show altered transcript accumulation for polygalacturonases, pectin methylesterases and pectate lyases, all enzymes involved in cell wall remodeling, as well as stress response genes (Camacho-Cristobal et al., 2008 . The hpGGLT1 plants will be a useful tool for investigating this process further. Boron has also been shown to affect the catalytic activities of plasma membrane proteins (enzymes or transporters) (Goldbach and Wimmer, 2007) , control the transcription of specific gene targets (e.g. the boron transporter NIP5) (Tanaka et al., 2016) and to affect the homeostasis of oxidative compounds that may alter lipid properties (Shah et al., 2017) . More recently, it was proposed that boron may serve as a potential link between RG-II and GIPCs. These are a heavily glycosylated class of sphingolipids and are major components of the plant plasma membrane. Interestingly, this proposed linkage would provide a physical interaction between the plasma membrane and the cell wall (Voxeur and Fry, 2014) , and is promising avenue for future investigation.
CONCLUSION
Here we have shown that GGLT1 is a Golgi-localized transporter that probably provides GDP-L-galactose for biosynthesis of RG-II. The hpGGLT1 knockdown lines have strong developmental defects that are correlated with reduced RG-II dimerization and stability. hpGGLT1 is the first plant with an altered cell wall in which one specific sugar, Lgalactose, is altered only in RG-II. Demonstrating the importance of this glycosyl residue for proper formation and stability of RG-II dimers provides insight into why the structure of RG-II is conserved. Thus, we conclude that GGLT1, L-galactose and structurally complete RG-II are essential for plant growth and development, possibly through cell wall integrity sensing. We believe that the hpGGLT1-silenced plants provide new tools for further investigation of the relationship between the structure of RG-II and the response of plants to boron deficiency or overexposure.
EXPERIMENTAL PROCEDURES Plant growth conditions
Arabidopsis seeds were surface sterilized and sown on solid medium containing 0.59 Murashige and Skoog (MS) salts and sucrose (1% w/v) (Murashige and Skoog, 1962) . Following stratification (48-72 h, 4°C, in the dark), plates were transferred to a growth room (22°C, 100-200 lmol m À2 sec
À1
, 14 h light/10 h dark, 60% humidity). After 7 days, plants were transferred to soil or grown hydroponically as described below. All experiments were performed on at least three independently grown biological replicates unless otherwise stated. After transfer to soil, plants were grown in chambers at 22°C, 100-200 lmol m À2 sec À1 , 60% humidity and cultivated under long-day (16-h light/8-h dark) or short-day (10-h light/14-h dark) conditions.
For hydroponic growth, seedlings were transferred to a plug of rockwool substrate and supported in a microfuge tube (with the end removed) in a modified pipette tip box. The tip box was filled with growth medium (for composition see Simmons et al., 2016) . The boron concentration was adjusted as described in the figure legends by the addition of boric acid. After 1 week, the plants were transferred to a larger hydroponics system (5 L volume) equipped with an aquarium pump. Plants were harvested 2 weeks after transfer.
Subcellular localization
GGLT1 was PCR amplified (see Table S2 for the primer sequences used in this study) and inserted into the Gateway TM pDONR TM /Zeo vector. The N-terminal YFP fusion was created using the LR Clonase II reaction (Life Technologies, https://www.thermofisher.com/ uk/en/home/brands/life-technologies.html) following the manufacturer's protocol. GGLT1-YFP, a cis-Golgi marker (ɑ-ManI-49-ECFP) was expressed from the pBullet plasmid as previously reported (Lao et al., 2014) . Gold particles were coated with plasmid DNA and biolistically transformed into yellow onion epidermal cells as described (Lao et al., 2014) . Sixteen to 24 h after particle bombardment, YFP and CFP fluorescence were observed using a Zeiss LSM 710 (Carl Zeiss, http://www.zeiss.com/).
Hairpin RNA production
A hpRNAi construct targeting GGLT1 expression was obtained using the Gatewayâ-compatible pHELLSGATE12 plasmid. A 379-bp PCR-amplified GGLT1 sequence fragment was inserted into pDONR TM 223 using BP clonase. Insertion of this sequence in ). Surviving seedlings were transferred to soil. Homozygous T 3 lines were used for all assays. All constructs and seeds generated for this project will be made available via JBEI's Inventory of Composable Elements (https://public-registry.jbei.org/ ).
Release and isolation of RG-II from AIR of empty vector and hpGGLT1 lines
To remove starch, AIR (250 mg) was suspended in 25 ml of 0.1 M sodium acetate, pH 5.0, containing 0.01% Thimerosal and treated at 55°C overnight with shaking (250 r.p.m.) with a Spirizyme Excel (30 ll; Novozymes, https://www.novozymes.com/en) and Liquozyme SC DS (150 ll; Novozymes). The suspension was then filtered, and the insoluble residue washed with buffer. To solubilize pectin, the de-starched AIRs were resuspended in 25 ml of 0.5% ammonium oxalate, pH 5.0, containing 0.01% Thimerosal, and shaken at 250 r.p.m. overnight at 21°C. The slurries were filtered through 50-lm nylon mesh layered over a Whatman Grade GF/A filter and washed with additional oxalate. Finally, the oxalate-soluble material, which is enriched in pectin, was dialyzed (3500 molecular weight cut off, MWCO) against deionized water for 2-3 days and lyophilized.
To generate RG-II, solutions of the oxalate-soluble material (20-40 mg) in 50 mM ammonium formate, pH 5 (1 ml), were treated for 16 h at room temperature with endo-polygalacturonase (Megazyme M2, 2 units). The digests were filtered (0.2-lm nylon mesh spin filter) and then portions (200 ll per run) were fractionated on a Superdex TM 75 10/300 GL column with refractive index detection (O'Neill et al., 1996) . Fractions were collected manually and repeatedly freeze dried to remove ammonium formate.
Side-chains A and B were released by treating RG-II (1-2 mg) for 1 h at 80°C with 0.1 M TFA (Pabst et al., 2013) . The acid was removed under a flow of air. The reside was then dissolved in water and the acidic oligosaccharides enriched using a Supelclean ENVI Carb cartridge (Millipore Sigma, https://www.sigmaaldrich. com/) as described (Packer et al., 1998) . The oligosaccharides were then analyzed by MALDI-TOF MS in negative ion mode with a Bruker LT Microflex MALDI-TOF mass spectrometer using a Nafioncoated probe and DHB as the matrix (Jacobs and Dahlman, 2001) and in positive ion mode using a stainless steel probe with DHB as the matrix.
Expression and purification of recombinant a-Lgalactosidase (BT1010) from B. thetaiotaomicron
Recombinant proteins were produced in Escherichia coli Tuner TM (DE3) (Millipore Sigma) cells harboring BT1010 cloned into pET28a in frame with an N-terminal His 6 tag, and purified as described (Ndeh et al., 2017) with minor modifications. Briefly, cells were cultured at 37°C in Luria-Bertani (LB) medium supplemented with kanamycin (50 lg ml
À1
) to mid-exponential phase (OD 600 nm = 0.6-0.8). Recombinant protein expression was induced by the addition of isopropyl-b-D-1-thiogalactopyranoside (IPTG, 0.1 mM) and allowed to proceed overnight at 16°C. Cells were lysed by sonication, and His 6 -tagged BT1010 was purified from cell-free extracts by immobilized metal affinity chromatography (IMAC) using HisPur TM Cobalt Resin (ThermoFisher Scientific, https://www.thermofisher.com/). Purified protein was dialyzed against sodium acetate (NaOAc; 50 mM, pH 5.5) using D-Tube TM Dialyzer Maxi devices (MWCO 6-8 kDa; EMD Millipore, http:// www.emdmillipore.com/) and used directly for enzymatic hydrolysis.
Treatment of RG-II with the a-L-galactosidase (BT1010) from B. thetaiotaomicron
The RG-II isolated from the empty vector and hpGGLT1 lines (1-2 mg) was converted to the monomer by treatment for 1 h at room temperature with 0.1 M HCl (O'Neill et al., 1996) . The solutions were dialyzed (3500 MWCO) against deionized water and freeze dried. Solutions (200 ll) of the monomer in NaOAc (25 mM, pH 5) were then treated for 24 h at room temperature with the recombinant a-L-galactosidase (BT1010, 9 lg protein) from B. thetaiotaomicron (Ndeh et al., 2017) . Each reaction mixture was desalted using a Dionex OnGuard H cartridge (1 ml, ThermoFisher) and freeze dried. The desalted material was dissolved in water (200 ll) and an aliquot (10-20 ll) analyzed by HPAEC PAD to confirm that galactose had been released by the a-L-galactosidase. An equal volume of 0.2 M TFA was then added to the remaining material and the mixture heated for 1 h at 80°C. The cooled solution was concentrated to dryness under a flow of air. The material was dissolved in water and the acidic oligosaccharides enriched using a Supelclean ENVI Carb cartridge (Sigma Aldrich, http://www.sigmaaldrich.com/) as described (Packer et al., 1998) . The oligosaccharides were then analyzed by MALDI-TOF MS in negative-ion mode using a Nafion-coated probe and DHB as the matrix (Jacobs and Dahlman, 2001 ).
Immuno-dot blots
The oxalate-isolated, pectin-rich fraction described above was resuspended in water at a final concentration of 0.5 mg ml
À1
. The samples were then serially diluted using water and 1 ll was spotted onto nitrocellulose membrane and allowed to air dry overnight. The membrane was briefly washed with 19 phosphate buffered saline (PBS), and then incubated with 5% (w/v) non-fat dairy milk (NFDM) dissolved in 19 PBS for 1 h at room temperature, with gentle agitation. The membrane was then incubated overnight (4°C, gentle agitation) in 5% (w/v) NFDM in 19 PBS containing the primary antibody (1:300 dilution). Following three 5-min washes in 19 PBS, the membrane was then incubated for 1 h at room temperature (gentle agitation) in 5% (w/v) NFDM in 19 PBS containing the secondary antibody (horseradish peroxidase-linked anti-rat antibody at 1:5000 dilution). The membrane was then washed in 19 PBS (four 5-min washes). The blots were developed with an enhanced chemiluminescence (ECL) detection reagent (Bio-Rad, http://www.biorad.com/) according to the manufacturer's instructions and visualized using an Imager 600 (GE Healthcare Life Sciences, https://www.gelifesciences.com). The primary antibodies were obtained from either Professor Paul Knox, University of Leeds (http://www.plantprobes.net/; LM5, LM6, LM19 and LM20) or Professor Michael Hahn, CCRC, University of Georgia (https:// www.ccrc.uga.edu/~carbosource/CSS_home.html; CCRC-M35) (Jones et al., 1997; Willats et al., 1998; Verhertbruggen et al., 2009; Pattathil et al., 2010) . Experiements with negative controls (water) and positive controls (commercial preparations of the polysaccharides) were performed alongside.
Cell wall monosaccharide composition
Plant tissue (age and type as specified in the figure legends) was harvested, submerged in 96% (v/v) https://www.retsch.com/), the pellet was collected by centrifugation (4000 9 g for 15 min). The pellet was then washed with 100% (v/v) ethanol and twice with chloroform:methanol (2:1), followed by successive washes with 65% (v/v), 80% (v/v) and 100% (v/v) ethanol. The remaining pellet of AIR was dried at 40°C overnight. To remove starch, the AIR was treated exhaustively with a cocktail of ɑ-amylase, amyloglucosidase and pullulanase as described (Harholt et al., 2006) . The monosaccharide composition of the non-cellulosic fraction was determined by hydrolysis of 100 lg AIR with 2 M TFA for 1 h at 120°C. After cooling and centrifugation, the supernatant was dried under a vacuum, resuspended in 200 ll of water and retained for analysis. To obtain the glucose content of the crystalline cellulose fraction, the TFA-insoluble pellet was washed with water and further hydrolyzed with 72% (v/v) sulfuric acid for 1 h at room temperature. The sulfuric acid was then diluted to 1 M with water and the samples incubated at 100°C for 3 h and neutralized with BaCO 3 . All samples were filtered using a 22-lm syringe filter, and quantified by HPAEC-PAD on a Dionex ICS-5000 instrument (ThermoFisher Scientific) as described (Fang et al., 2016) .
Saccharification assay
Leaf AIR (2 mg) from hydroponically grown plants, prepared as described above, was mixed with 136 ll of water, agitated at 1400 r.p.m. (30°C, 30 min) , and autoclaved at 120°C for 1 h. Saccharification was initiated by adding 260 ll of 100 mM sodium citrate buffer pH 5.0 containing 80 lg ml -1 tetracycline and 0.5% (w/w) Cellic CTec2 cellulase (Novozymes). After incubation for 72 h at 50°C with shaking (800 r.p.m.), samples were centrifuged (20 000 9 g, 3 min) and 10 ll of the supernatant was collected for measurement of reducing sugars using the 3,5-dinitrosalicylic acid assay and glucose as a standard (Miller, 1959) .
Ascorbic acid measurement
The ascorbate content of leaves was measured according to Gautier et al. (2009) with modifications. Frozen tissue (1 g) was homogenized, resuspended in 600 ll of 6% (v/v) trichloroacetic acid (TCA) and vortexed until thawed. Following incubation on ice for 15 min, the samples were centrifuged (16 000 9 g, 4°C, 15 min). The supernatants (20 ll) were placed in individual wells of a microtiter plate containing 20 ll of 5 mM DTT (in 0.4 M PO 4 buffer, pH 7.4), and kept for 20 min at 37°C, before adding 10 ll of 0.5% (w/v) N-ethylmaleimide. After 1 min at 21°C, 80 ll of color reagent was added [solution A, 31% (w/v) orthophosphoric acid, 4.6% (v/v) TCA and 0.6% (w/v) FeCl 2 ; solution B, 4% (w/v) 2,2-dipyridyl in 70% (v/v) ethanol; A:B, 2.75:1] and plates were incubated at 37°C for 40 min. Ascorbic acid standards (0-50 nmol) were included to allow quantification. The plate was scanned at 550 nm using a Spectramax M2 plate reader (Molecular Devices, https://www.moleculardevices. com/).
Aniline blue
Rosette leaves were collected and fixed in acetic acid:ethanol 95% (3:1) for 1 h at room temperature. Fixed leaves were then treated with 2 M NaOH for 2 h prior to neutralization in 50 mM NaPO 4 buffer (pH 6.8) for 10 min, and immersion in aniline blue solution (0.01% w/v in 50 mM NaPO 4 pH 6.8) was done overnight. Images were obtained with an epifluorescence microscope (Leica MZ 16F, https://www.leica-microsystems.com/).
Extraction and analysis of GIPCs
The sphingolipids content was quantified by LC-MS/MS as described previously (Fang et al., 2016) , with modifications. Lyophilized leaves (10 mg) were homogenized and incubated in 800 ll of methanol/1-butanol/1 N KOH (2:3:3) at 50°C for 30 min. The homogenate was acidified by the addition of 450 ll of 1 N HCl, and 1 ml of water and 1-butanol was added for phase separation. The organic layer was dried, dissolved in tetrahydrofuran/ methanol/water (2:1:2, v/v/v) containing 0.1% formic acid and analyzed by LC-MS/MS. Lipid content was calculated using internal standards (Fang et al., 2016) .
For TLC analysis, lyophilized leaves were homogenized and then incubated at 50°C for 15 min in the lower layer of a isopropanol: hexane:water 55:20:25 solution. The supernatant was retained, and the extraction was repeated on the pellet. The combined supernatants were dried under N 2 and resuspended in methylamine (33% v/v) in ethanol:water (7:3), and incubated at 50°C for 1 h. The supernatant was dried under N 2 and resuspended in chloroform: ethanol:ammonia:water (10:60:6:24), and incubated overnight at room temperature. Following anion exchange (Strata X-AW 33 lm, Phenomenex, http://www.phenomenex.com/) as previously described (Fang et al., 2016) , the enriched GIPCs were spotted onto TLC plates and developed in chloroform/methanol/(4 M ammonium hydroxide + 1.8 M ammonium acetate) (9:7:2) buffer. The plate was stained first with primuline [10 mg/100 ml of acetone/water 8:2 (v/v)], a solution that binds to lipids, and observed under 460-nm light. The plate was then stained with orcinol (5% v/ v sulfuric acid in ethanol) to detect sugars.
Quantitative PCR
RNA was extracted from the leaves of 1-month old plants grown in long-day conditions in soil or in hydroponics (as specified in the figure legends), using the RNeasy RNA Plant kit (Qiagen, http://www.qiagen.com/). A total of 0.5-1 lg RNA was reverse-transcribed into cDNA with Superscript II reverse transcriptase (ThermoFisher Scientific) and d(T) 20 oligomers (IDT). To determine GGLT1 and GFT1 expression, the resultant cDNA was subsequently used as the template in a qPCR reaction containing 29 QuantiFast SYBR Green PCR Kit Master Mix (Qiagen) (plants grown in soil) or 29 SYBR Select Master Mix (Applied Biosystems, https://www.thermofisher.com) (plants grown hydroponically) and gene-specific primers for GGLT1 and GFT1. Expression of Arabidopsis PP2A (At1g13320) and a SAND family gene (At2g28390) was quantified (see Table S2 for all primer sequences), as these have previously been established as housekeeping genes (Czechowski et al., 2005) . The PCR reactions were performed using the CFX96 Touch System real-time PCR detection system (Bio-Rad) and the following thermal profile was used for all PCR reactions: 95°C for 5 min, 40 cycles of 95°C for 10 sec and 60°C for 30 sec.
Cell Integrity assays
Live imaging of roots was performed as previously described (Feng et al., 2018) . Five-day-old seedlings cultured on 19 MS, 1% (w/v) sucrose pH 5.7 Gelrite media were transferred to media supplemented with 140 mM NaCl in a moisture chamber made from a 60 9 15-mm Petri dish (Fisher Scientific, AS4052). Brightfield images of the root tip area were captured every 15 min from a Leica DMI6000 inverted compound microscope with HC PL APO 109/0.4 CS objective (Leica) and LAS software (Leica). Images were then stitched together using the ImageJ 'Pairwise 
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